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Effects of thermal food processing on the chemical
structure and toxicity of fumonisin mycotoxins
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Fumonisins are Fusarium mycotoxins that occur in corn and corn-based foods. They are toxic to ani-
mals and at least one analogue, fumonisin B, is carcinogenic to rodents. Their effect on human health
is unclear, however, fumonisins are considered to be risk factors for cancer and possibly neural tube
defects in some heavily exposed populations. It is therefore important to minimize exposures in these
populations. Cleaning corn to remove damaged or moldy kernels reduces fumonisins in foods while
milling increases their concentration in some and reduces their concentration in other products.
Fumonisins are water-soluble and nixtamalization (cooking in alkaline water) lowers the fumonisin
content of food products if the cooking liquid is discarded. Baking, frying, and extrusion cooking of
corn at high temperatures (= 190°C) also reduces fumonisin concentrations in foods, with the amount
of reduction achieved depending on cooking time, temperature, recipe, and other factors. However,
the chemical fate of fumonisins in baked, fried, and extruded foods is not well understood and it is not
known if the reduced concentrations result from thermal decomposition of fumonisins or from their
binding to proteins, sugars or other compounds in food matrices. These possibilities might or might
not be beneficial depending upon the bioavailability and inherent toxicity of decomposition products
or the degree to which bound fumonisins are released in the gastrointestinal tract. In this review the
affects of cooking and processing on the concentration and chemical structure of fumonisins as well
as the toxicological consequences of known and likely fumonisin reaction products are discussed.

Keywords: Corn / Fumonisin mycotoxins / Liquid chromatography —electrospray ionization—tandem mass spectro-
metry / Review / Thermal food processing

Received: March 12, 2004; revised: April 20, 2004; accepted: April 22, 2004

Contents 1 Introduction

1 Introduction......... e 255 The fumonisins are a group of structurally related metabo-
;1 f/ﬁflelf;sg(;i%rgﬁ:?iﬁgg 328 lites of Fusarium verticillioides (formerly Fusarium monili-
2.2 Thermal treatment . . . ... ... 260 forme) [1], one of the most common field fungi associated
3 Fumonisin reaction products and matrix binding ... ... 264 with corn and corn-based foods and feeds world-wide [2].
4 ConClusionS . ..........ouiiiiiiii i 265 Besides F verticillioides, other Fusarium species such as F
5 References............cooiiiiiiiiii i 266

proliferatum are also important mycotoxin producers and
their growth under certain climatic conditions has led to
fumonisin concentrations of up to 117 ppm in corn [3]. Of
the more than 15 fumonisin isomers that have been described
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Figure 1. Structures and absolute con-
figuration of fumonisin By (FB;), fumoni-
z sin B, (FBy), fumonisin B; (FB;) hydro-
NH, lyzed fumonisin B; (HFB,), hydrozyed

A
S fumonisin B, (HFB,), N-(carboxymethyl)-
OH fumonisin B, (NCM-FB;), N-(1-deoxy-D-
/\/\/\/\/\/\/\)\2/\ fructos-1-yl)fumonisin B; (NDF-FBy), D-
- OH erythro-sphinganine (SA) and D-erythro-
SO NHZ sphingosine (SO).

most abundant (Fig. 1). Fumonisins (FB,) are diesters of pro-
pane-1,2,3-tricarboxylic acid (TCA) and similar long-chain
aminopolyol backbones (for FB;: 2S-amino-128,16R-di-
methyl-3S5,5R,10R,14S,15R-pentahydroxyeicosane). Struc-
turally, fumonisins resemble the sphingoid bases sphinga-
nine (SA) and sphingosine (SO) to which TCA groups have
been added at the C-14 and C-15 positions (Fig. 1). Fumoni-
sin By contains 10 stereocenters (1024 different possible
stereoisomers); intensive studies by several research groups
have determined the absolute configuration (Fig. 1) [4, 5].
Interestingly, the biological activity of fumonisins depends

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

on their absolute configuration as shown in experiments
comparing synthetic analogs having different stereochemis-
tries [6]. Other structural features especially an unsubsti-
tuted primary amine group are also important for biological
activity [7, 8].

Toxicological assessment of fumonisins has for the most
part centered on fumonisin B, the most prevalent isomer in
nature. Thorough reviews with extensive reference lists
have been published [9, 10]. Data for other fumonisins are
limited (Table 1). Fumonisin B, causes leukoencephaloma-

www.mnf-journal.de



Mol. Nutr. Food Res. 2004, 48, 255—269

Effects of food processing on fumonisins

Table 1. Summary of reported toxicological effects of selected fumonisins and fumonisin reaction products

Fumonisin Toxicity/biological activity Comments Reference(s)

FB, Equine leukoencephalomalacia; Porcine pulmonary Most common analogue; Found in corn and [1,2,10-14,
edema; Liver and kidney apoptosis, regenerative cooked products; Water-soluble; Possible human 25,26, 113,
lesions (multiple species); Liver and kidney carcinogen carcinogen. 114]
(rodents); Inhibits ceramide synthase-disrupts lipid
metabolism and function; Inhibits folate uptake in vitro
and in vivo in LMBc mice.

FB,/FB; Equine leukoencephalomalacia (FB, in naturally Co-occurs with FB, but usually at lower concen- [7, 42,90, 91,
contaminated feed); Liver and kidney toxicity and trations; Less well-studied but toxicity similarto 115]
ceramide synthase inhibition as per FB; in vivo (rats FB,.
fed culture materials containing FB, or FB; for 21 days);

No toxicity found in mice (FB, or FB;-28 day feeding
studies); Inhibit ceramide synthase in vitro.

Hydrolyzed Liver tumor promotion in rats (hydrolyzed culture Formed by alkaline hydrolysis of FB, hydrolysis [6, 7,41, 83,

FB, (HFB) material feeding study); Liver and kidney toxicity, removes TCA groups; Found in masa and other 89, 90—95]
ceramide synthase inhibition in rats (hydrolyzed nixtamalized products; HFB,, HFB;, efc. also
culture material feeding study); No toxicity found form, biological activity of HFB,, etc. not stud-
in rats or mice (short-term feeding studies); Inhibits ied.
ceramide synthase in vitro less potently than FB;;

More potent than FB, in some in vitro toxicity assays
(LDH release); Substitutes for sphingoid base as
substrate for ceramide synthase catalyzed formation
of N-acyl aminopentols, in vitro and in vivo in rats.

N-Acetyl Not toxic to mice (28-day feeding study); Does not Occurs naturally in minor amounts; Rearranges [8, 90, 91]

FB, (FA)) inhibit ceramide synthase in vitro; In contrast to FB, to O-acetyl FB,, which inhibits ceramide
FA, (and FA,) had no liver cancer initiation/promotion  synthase in vitro.
activity in rats.

Browning reaction Reduced toxicity relative to FB, when fed to rats Form when FB; is heated in the presence of [100, 104,

products (reaction products not identified, likely NDF- or glucose/other reducing sugars; Initial productis 105]
NCM-FB)) likely a Schiff base that undergoes rearrangement

(see NDF-FB, and NCM-FB; below).

N-(1-Deoxy-D- Unknown; likely to be nontoxic and to not inhibit Forms when FB, reacts with reducing sugar [95, 96]

fructose-1-yl) ceramide synthase (N-substitution reduces activity). (Browning reaction); First stable fumonisin

FB; (NDF-FB,) Browning reaction product to be identified;

Forms through Schiff base, NDF-FB, then rear-
ranges to NCM-FB,; NDF-HFB, forms by alka-
line hydrolysis of NDF-FB,; Negligible amounts
NDF-fumonisins found in foods.
N-(Carboxymethyl) No effects in mice (28-day feeding study); Does not Occurs naturally in minor amounts; Formsby ~ [91, 95, 96,
FB; (NCM-FB;) inhibit ceramide synthase. rearrangement of NDF-FB,; Analogous NCM-  99]

FB,-starch or FB,-
protein conjugates

FP,

Unknown, but FB, is potentially bioavailable if
conjugates break down in gastro-intestinal tract.

No effects in mice (28-day feeding study).

HFB, forms as result of base hydrolysis; Traces
found in nixtamalized products.

FB, binds to model starch or model proteins
when heated; Presence of these compounds in
foods not proven but compounds of this type
are likely explanation for “hidden” fumonisins
liberated as hydrolyzed forms from cornflakes
by base hydrolysis.

Amine group of FB, converted by Fusarium spp. [91, 116]
to 2-hydroxypyridine under anaerobic conditions.

[57, 60, 110,
111]

lacia in horses [11, 12] and pulmonary edema in swine [13,
14], two fatal diseases in animals long associated with the
consumption of F verticilllioides-contaminated corn.
Fumonisin B, is hepatotoxic and nephrotoxic to a variety of
other species [1, 10] and is a liver and kidney carcinogen in
rodents [15—17]. However, while clearly a human health
concern [2, 9], no unequivocal relationship between fumo-
nisins and disease in man has been established. Nonethe-
less, surveys showing a positive correlation between dietary

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fumonisins and human esophageal cancer rates in areas of
Africa and China have been reported [18, 19]. It has also
been hypothesized that fumonisins are a risk factor for
neural tube defects (NTDs, a type of birth defect) in some
populations exposed to high dietary levels through the con-
sumption of foods prepared from contaminated corn [20,
21]. Results of rat [22], mouse [23], and rabbit [24] repro-
ductive studies were negative for teratogenicity. However, a
model using inbred LMBc mice for the induction of NTD
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Table 2. Effects of processing methods on the fumonisin content of food
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Method Effect Ref.

Milling

Dry milling Fumonisins were found in the germ, bran, and fines of corn. Flaking grits contained low levels of [61]
fumonisins.

Wet milling Starch did not contain detectable FBy residues. Fumonisin levels in other fractions were in the order of [63]
gluten > fiber > germ.

Cleaning

Sieving (3mm Sieving out ‘fines’ (<3mm) from intact corn kernels (0.53 —1.89 mg total fumonisins/kg) reduced [62]

screen) fumonisin levels (FB,.;) by 26 —69%.

Heating

Boiling Boiling Fusarium verticillioides culture material did not reduce FB, concentraton. [64]

(100°C, 30 min)

Pasteurization Pasteurization at 62°C for 30 min had no effect on loss of FB, or FB, spiked into milk (50 ng/mL). [66]

(62°C, 30 min)

50-150°C The decrease of FB, in dry corn (1530 mg FB,/kg) heated at 75— 150°C followed first order kinetics. [67,68]

(0—960 min)

190°C (60 min) Heating corn meal and moist corn meal at 190°C resulted in 20—40% recovery of FB, and FB,. [69]

220°C (25 min) At 220°C recovery was 0%.

100-235°C; FB, and FB, were least stable in aqueous solution at pH 4 followed by pH 10 and 7; Decomposition [70,71]

0—60 min; pH4,7 began at temperatures =150°C. At T =175°C over 90% of FB, were lost after 60 min regardless of pH.

and 10

74-78°C, Incubation of FB, and D-glucose in aqueous solution resulted in the formation of NCM-FB,. [99]

14—18h,pH 7.5

100°C, 20 min Using a traditional recipe for the preparation of South African maize porridge a mean reduction in FB, [65]
levels of 23% was observed.

79°C, 17h,pH 7.5 Incubation of FB, and D-glucose in aqueous solution resulted in the formation of NCM-FB, and NDF-FB,.  [96]

Dry heating: Model experiments using methyl-a-D-glucopyranoside (starch model) and protected amino acids [60]

105-160°C, (protein model) show the covalent binding of FB, to polysaccharides (5—10%) and proteins via the

3—-40 min TCA side chains.

Extruding

120-160°C, Loss of FB, using mixing screws: 29—69% (ELISA) and 31-68% (HPLC), using nonmixing screws: [75]

18-26% moisture  13—54% (ELISA) and 20—47% (HPLC).

level

140-200°C Extruding of corn grits spiked with 5 mg FB,/kg resulted in 34—95% loss of FB,. [76]

150-180°C, 14%  70-90% loss of FB, and FB, when corn flour was extruded in a single screw extruder. [77]

moisture level

70—-105°C, 5min, About 60—70% of the initial amount of FB, and FB, were lost during the entire cycle (extruding [79]

~27% moist. lev.,  and roasting) of corn flakes processing.

then roasting:

170-220°C, 50s

Extrusion (160—180°C, 16 —20% moisture) and gelatinization (90—110°C, 24—30% moisture) of spiked corn grits [80]

(2 mg/kg FB,, 0.6 mg/kg FB,) reduced fumonisin levels by ~45—70%, cooking (130°C, 30—90 min) the grits for flaking

~35-80% and roasting (250°C, 2.5—5 min) ~65—94%.

140-180°C,26%  Extrusion cooking of corn grits reduced FB; depending on the added sugar (glucose: 45—71% reduction [56]

moisture level,
screw speed:
40—-120 rpm,
0-10% sugar

of FB,, fructose: 30—53%, sucrose 19—39%). Baking corn muffins (200°C, 30 min) with added glucose
also reduced FB; levels by up to 50%.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Continued

Effects of food processing on fumonisins

Method Effect Ref.
Extruding (continued)

160—180°C, 16—  Extrusion processing of spiked corn grits (2 mg/kg FB,) led to the formation of NCM-FB,. The total [81]
20% moisture level, recovery of FB, (FB; and NCM-FB,) was 23—32% in sucrose and 7—15% in glucose spiked samples.

screw speed: 180—  Therefore 68 —93% of FB, were lost during processing.

220 rpm, 5% sugar

171°C,24-33% Extrusion processing of alkali-cooked corn meal reduced FB; (2—99% reduction) and HFB, (8—67% [78]

moisture level,
screw speed:
122 rpm

circular die.

reduction) levels. The use of a tapered-angular die reduced FB, and HFB, levels more than a tapered-

Baking (B), Frying (F) and Roasting (R)

B:175and 200°C  Baking corn muffin mix spiked with 5 mg/kg FB, resulted in 16—28% loss of FB;. FB, began to degrade [58]

(20 min) F: 140—
190°C (015 min)

when corn chips were fried at temperatures > 180°C and times > 8 min.

B:204 and 232°C  Baking corn muftin mix (spiked with 5 mg FB,/kg) lead to no significant loss of FB; at 204°C; 48% loss [72]

(20 min) of FB, at 232 °C.

R: dry heat, 218°C, Roasting corn meal (5 mg FB,/kg) resulted in a complete loss of fumonisins.

15 min

B:210°C, 25 min

Baking of artificially (15 ug '“C-FB, or FB,/muffin) and naturally contaminated (1.56 pg '*C-FB,/muffin)  [73]

corn muffin mixes resulted in significant losses of FB, (57, 52, and 51%) as measured by HPLC.

B:190°C,1h
F:218°C,10-12
min (panfry); 193°C,
~10 min (deep fry)

Baking and frying of cornmeal (contaminated with high levels of fumonisins) had no significant effect [98]
on in vivo toxicity to rats. Study results provided no evidence that fumonisins were converted to novel toxins.

Nixtamalization (NM)

NM: 100°C, 5 min; Nixtamalization of contaminated corn (8.79 mg/kg FB;) followed by the production of tortillas reduced [93]
frying: 190°C, 60 s the initial FB, concentration by 81.5%. (H)FB, was mainly found in the steeping and washing water.

NM: 100°C, 105
min; cooking:
170-212°C,
~3.5 min

in the starting material (38.1 mg/kg).

NM: commercial
conditions

Using the traditional nixtamalization method of Mayan communities the total fumonisins (HFB, + FB;) [94]
in tortillas were reduced by 50%. The residual lime and washing water also contained 50% of the total FB,

Production of fried tortilla chips in a pilot production line reduced FB, up to 80% compared to the raw corn.  [95]
Chips contained HFB; in low concentration (ppm) and almost no NCM-FB, and NDF-FB,. Cooking and

steeping the corn in water was the critical step for reducing fumonisins in the masa and chips.

by fumonisin B, in vivo has recently been developed [25]
and results of these experiments have provided a plausible
mechanism for NTD development in which decreased
folate utilization (folate deficiency is a risk factor for NTD)
is mediated by fumonisin-induced disruption of sphingoli-
pid metabolism (see below) [21].

Fumonisins disrupt de novo sphingolipid biosynthesis and
metabolism [26—28]. Because of their structural relation-
ship to the sphingoid bases SA and SO, fumonisins compe-
titively inhibit ceramide synthase, a key enzyme in sphingo-
lipid metabolism, which catalyzes the acylation of SA, SO,
and other sphingoid bases [26—29]. As a consequence, cel-
lular SA levels increase dramatically, as does the SA/SO
ratio. Both SA and the SA/SO ratio are used as a biomarker

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of exposure and elevated SA and increased SA/SO ratios
have been consistently observed in various animal species
[30—42] as well as different cell lines experimentally
exposed to fumonisins [7, 8, 45—47]. The usefulness of SA
or SA/SO as a biomarker for animal exposures in the field
or in humans has not yet been validated [43, 44]. The inhibi-
tion of ceramide synthase disrupts sphingolipid metabo-
lism, causing an elevation of SA, which is a highly bioactive
compound, a reduction in complex sphingolipids and other-
wise initiating cellular events that are thought to be ulti-
mately responsible for the toxicity and carcinogenicity of
this mycotoxin [6, 27—29].

On the tissue level, apoptosis is usually the initial finding in
liver, kidney, and other affected organs [10]. However, with

www.mnf-journal.de
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time or increasing dose both cell death (apoptosis and
necrosis) and replication/compensatory regeneration typi-
cally occur together in liver and kidney [10, 48, 49]. It has
been hypothesized that consistent compensatory regenera-
tion in response to cell loss over time is critical for carcino-
genesis [48, 50]. However, while it is clear that SA or SA/
SO increases occur in tissues at doses at or below the lowest
observed affect level for apoptosis and that the severity of
tissue injury and increased SA/SO are correlated in vivo
[28, 36, 38—42], the sequence of events linking ceramide
synthase inhibition to apoptosis and mitosis/regeneration in
liver or kidney remains to be elucidated. TNF-a signaling
and caspase activation is involved [38—40, 51], however,
recent data suggest that TNF-a signaling modifies, but is
not obligatory for fumonisin-induced apoptosis in mouse
liver [40, 52]. Changes in gene expression for proteins
involved in the regulation of cell cycle progression such as
cyclin D1 [53, 54], cyclin E, p21, p27 [54], c-myc, and
hepatocyte growth factor (or stabilization of these proteins)
have also been found to occur in response to fumonisin
exposure [49].

Approximately 600 million tons of corn (called maize in
much of the world) are produced each year worldwide and
most of it (ca. 63%) is directly used for animal feed [55].
Only approximately 25% is used for food, of which the
majority is manufactured into food products or ingredients
using physical or chemical processing methods (see Table
2). Relatively few studies on how cooking affects fumoni-
sins have been reported. It has been shown that cooking
reduces the concentration of fumonisins in food products
and that in some methods, particularly extrusion or nixta-
malization, reductions might be significant from a toxicolo-
gical standpoint. However, in most cases, including extru-
sion, it has not been established whether fumonisin reduc-
tions result from their thermal decomposition or from bind-
ing of the mycotoxin to food matrix components [56—58].
This is an important consideration as illustrated by the
results of McKenzie et al. [59], who showed that a novel
reaction product resulting from ozone treatment (a pro-
posed fumonisin detoxification method) of fumonisin B,
retained the mycotoxin’s biological activity. More recently,
evidence for the presence of matrix-bound or “hidden” (not
extracted with routinely used solvent systems) fumonisins
in foods is accumulating [57, 60]. The toxicological impli-
cations of any “hidden” fumonisins would depend not only
on their concentration in foods, but also on the extent to
which they are made bioavailable during digestion. Con-
cerning food safety, it is therefore important to know what
happens to fumonisins during food manufacturing. In this
review, the results of experiments to determine how cook-
ing and processing affect fumonisins will be considered and
the toxicological implications of these findings will be dis-
cussed.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2 Effects of processing

2.1 Milling and cleaning

The basic raw materials for breakfast cereals, snacks, and
many other corn products are cornmeal, flour and grits.
These ingredients are produced by dry milling of corn ker-
nels. Katta er al. [61] studied the fate of fumonisin B, in
naturally contaminated corn samples during the dry milling
process. It was shown that the bran fraction, which is used
as animal feed, contained the highest concentration of
fumonisins, followed by the germ, whereas the cornmeal,
flour, and grit fractions used for food production contained
little or no fumonisin. Furthermore, it was shown that clean-
ing to remove broken kernels and other material <3 mm in
size, which is usually the first step in the processing of
corn, reduces fumonisin levels from 26 to 69% [62].
Another basic, widely used ingredient for food is corn
starch, which is produced by wet milling. During this pro-
cess fumonisins are dissolved into the steepwater or distrib-
uted to the gluten, fiber, and germ byproducts which are
used as animal feed, leaving no detectable amounts in the
starch. Fumonisin concentrations in gluten, fiber, and germ
ranged from about 10% (germ) to 40% (gluten) of those in
the raw corn kernels [63].

2.2 Thermal treatment

Fumonisins are relatively heat-stable (up to 100—120°C)
and therefore survive many of the conditions used in cook-
ing and food manufacturing. In one of the first fumonisin
stability studies, Alberts et al. [64] found that boiling
Fusarium verticillioides culture material for 30 min did not
reduce its FB, concentration. However, in a more recent
study, a moderate reduction in fumonisin levels was
achieved under similar conditions; specifically, the prepara-
tion of South African maize porridge using a traditional
recipe (boiling salted corn meal for 20 min in water)
resulted in a 23% reduction in its concentration [65]. Pas-
teurization of milk spiked with 50 ng/mL FB, and FB; at
moderate temperatures (62°C, 30 min) did not significantly
reduce fumonisin levels [66]. Decomposition of fumonisins
begins at higher temperatures (see Table 2) and thermal
decomposition of FB; in dried corn culture material fol-
lowed a first order reaction with half-life times of 175 min
at 100°C, 30 or 38 min at 125°C, and 10 min at 150°C [67,
68]. Heating dry corn meal and moist corn meal at 190°C
for 60 min resulted in 60—80% loss of fumonisins while
after baking at 220°C (25 min), loss of FB, and FB, was
almost complete [69]. The thermal instability of fumonisins
was further demonstrated in a model experiment in which
they were heated in the absence of corn matrix. Specifically,
when the stability of FB, and FB, in aqueous buffered solu-
tions at pH 4, 7, and 10 was determined as a function of the
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processing time (0—60 min) and temperature (100—
235°C), FB, and FB, were least stable at pH 4 followed by 7
and 10. Decomposition began at or above 150°C and, at
temperatures =175°C, over 90% of the fumonisins were
lost after 60 min regardless of pH [70, 71].

The effects of baking, frying, and roasting on the stability
of fumonisins have also been examined by several research
groups. Baking corn muffin mix spiked with 5 mg/kg FB,
at 175 or 200°C resulted in a 16—28% loss of FB,, however,
the effect was not uniform and loss was significantly higher
at the surface than in the core of the muffin [58]. In another
study, baking a corn muffin mix (5 mg/kg FB;) at 204°C did
not significantly reduce FB;, whereas when baked at
232°C, 48% of the FB; was lost [72]. Frying masa at 140—
170°C for 0—6 min resulted in no significant loss of FB, but
the mycotoxin began to degrade at frying temperatures at or
above 180°C and cooking times of 8 min or longer [58].
Roasting corn meal spiked with 5 mg/kg FB, at 218°C for
15 min resulted in a complete loss of fumonisins [72]. Bak-
ing muffins using a cornmeal muffin mix spiked with 15 pug
4C-FB)/muffin or 15 pg unlabeled FB)/muffin resulted in
significant losses of FB; (52—57%) as measured by HPLC
[73]. When muffins were baked using contaminated corn-
meal (1.56 ug '“C-FB,/muffin) prepared from kernels colo-
nized by F verticillioides (**C-FB; was synthesized by the
fungi from 1,2-"*C-sodium acetate), a similar result (51%
loss) was obtained by HPLC analysis. However, when the
amount of radioactivity (assumed to be labeled FB, or
labeled FB;-like compounds) in the muffin extracts was
determined, considerably more label (90%) was recovered
from muffins baked with the cornmeal prepared from the
fungus-colonized kernels than from muffins made from
spiked cornmeal (52% recovery). These results are impor-
tant because they demonstrated the existence of a fumoni-
sin-like compound(s) in the muffins made from the colo-
nized kernels that could not be quantified using a standard
extraction/immunoaffinity column cleanup/HPLC proce-
dure [73].

One of the most important technologies for the food indus-
try is extrusion processing which has been used since the
mid 1930s for the production of breakfast cereals, snack
foods, and textured foods [74]. Other applications of extru-
sion processing include dry and soft moist pet food, pre-
cooked and modified starches, flat bread, precooked noo-
dles, soups, and other products. During extrusion cooking,
the raw material is subjected to high temperature, high pres-
sure, and severe shear forces. These variables as well as the
moisture level of the raw material are important for deter-
mining the physical properties of the product. Two major
types of extruders are used in the food industry: single-
screw and twin-screw extruders. In an extruder, a semisolid
homogeneous mass of the raw materials is formed under a
variety of controlled conditions and then pressed by a rotat-
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ing screw through a restricted opening (die) such as a
shaped hole or slot into a pressure free space. Mechanical
energy is converted to heat and additional heat can also be
applied in the form of steam to the extruder barrel (fits
tightly around the rotating screw). As a result, the tempera-
ture in the extruder can be as high as 200°C even though the
residence time of the dough in the machine is relatively
short (10—60 s). In addition, the high pressure and severe
shear forces that are generated contribute to chemical
reactions and molecular modifications that occur in the
dough, e.g., starches are gelatinized, proteins are denatu-
rated, and enzymes are inactivated. Furthermore, the prod-
ucts expand due to the high-speed evaporation of water,
which happens as the products emerge from the extruder
[74]. Several studies have shown that extrusion processing
significantly reduces measureable fumonisin residues in
food products.

The first study by Castelo et al. [75] showed that the loss of
FB, from corn grits at extruding temperatures between 140
and 160°C was significantly higher (»p < 0.05) when using
an extruder equipped with a mixing screw (29—69% loss)
than one fitted with a nonmixing screw (13—54% loss). A
linear decrease in FB; levels was observed with nonmixing
screws and as the moisture content of the corn grits
increased. However, the amount of reduction found also
depended not only on the cooking conditions but also on the
analytical procedure, i. e., the extraction solvent and quanti-
fication method used. Another study examined the effect of
barrel temperature (140, 160, 180, and 200°C) and screw
speed (40, 80, 120, and 160 rpm) on the stability of FB,.
The corn grits were spiked with 5 mg FB,/kg and cooked in
a co-rotating twin-screw extruder [76]. Both parameters
affected the fumonisin reductions: FB; recovery from the
extruded corn grits decreased as the temperature increased
and as the screw speed decreased. Depending on the condi-
tions, the reductions of FB; ranged from 34 to 95% and,
when the grits were processed under conditions that
resulted in an acceptable product, reductions were in the
range of 46—76% [76]. Similarly, Pineiro et al. [77] found
70—90% loss of FB,; and FB, when corn flour was extruded
using a single screw extruder at 150—180°C. Cortez-Rocha
et al. [78] studied the influence of die geometry on recover-
ability of FB; and HFB; in alkali-cooked corn flour. Extru-
sion processing using a twin-screw extruder (171°C, screw
speed 122 rpm) fitted with a tapered-angular die (3 mm
opening) or a tapered-circular die (5 mm opening) reduced
FB,; from 2—-99% and HFB, from 8 —67%. Reductions ten-
dered to be higher when a tapered-angular die was used
[78].

The effect of processing on fumonisin levels in corn flakes
was studied by De Girolamo et al. [79], who reported that
60—70% of the initial amount of FB, and FB, was lost dur-
ing the entire corn flakes processing cycle (extruding and
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Figure 2. Structures of fumonisin B, degradation products and matrix-bound fumonisin B, formed under thermal processing condi-

tions (for details see text).

roasting). Loss of fumonisins during the intermediate extru-
sion step of the cycle (70—105°C, 5 min, ~27% moisture
level) was less than 30%. Loss of fumonisins was also
observed by Meister [80]. Extrusion cooking (160—180°C,
16—20% moisture level) and gelatinization (90—110°C,
24-30% moisture level) of spiked corn grits (2 mg/kg FB,
0.6 mg/kg FB,) reduced fumonisin levels by ~45-70%,
cooking (130°C, 30—90 min) the grits for flaking by ~35—
80%, and roasting (250°C, 2.5—-5 min) by ~65-94%
depending on the selected technological parameters [80].

Seefelder ef al. [81] and Castelo ef al. [56] studied the
effects of added sugars on fumonisin levels in extruded
corn grits. Both found significant reductions of fumonisin
concentration in the extruded product, however, the amount
of reduction depended on the type and amount of sugar
added. Extruding corn grits that were spiked with 2 mg/kg
FB; resulted in a 68—77% reduction of FB, with added
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sucrose and in a 85—93% reduction of FB, with added glu-
cose (parameters see Table 2) [81]. Castelo et al. [56] found
a fumonisin reduction of 45—71% when glucose, 30—53%
when fructose and 19-39% when sucrose was added. In a
second experiment, the effect of various screw speeds (40—
80 rpm) and glucose concentrations (2.5—10%) on fumoni-
sins in corn grits extruded at 160°C were evaluated. As
expected, both parameters affected FB; with slow screw
speed and higher glucose concentration increasing reduc-
tion [56].

Another important process is alkali cooking or nixtamaliza-
tion. It is used to produce snacks and tortilla products and
consists of first cooking corn in alkaline water for a short per-
iod of time and then steeping it overnight (for more details
see the review by Saunders et a/. [82]). Under alkaline condi-
tions, fumonisins in contaminated corn are converted to the
so-called hydrolyzed fumonisins (HFB,) (Fig. 1), an amino-
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pentol moiety (AP,) formed by hydrolytically removing the
two tricarballylic acid side chains from the 20-carbon fumo-
nisin backbone (Fig. 2, reaction A) [83—-86].

Hydrolyzed fumonisin B; (HFB;) occurs in nixtamalized
corn products (such as masa and tortilla chips) and canned
yellow corn, but usually at lower concentrations than FB;
[84, 87, 88]. The toxicological significance of hydrolyzed
fumonisins in foods is not yet clear. HFB, inhibited cera-
mide synthase in vitro less effectively than FB, [7], suggest-
ing that HFB, was potentially less toxic in vivo. When fed
to rats, nixtamalized corn culture materials (of fumonisin-
producing Fusarium spp.) that contained HFB; and HFB,
but no detectable FB; or FB, [41, 83, 89] did elicit hepato-
and nephrotoxic effects that were qualitatively similar to
those found in rats fed with equal amounts of the untreated
culture material. However, as predicted by the in vitro
results, target organ toxicity, as judged by histopathological
criteria and increased tissue concentrations of sphingoid
bases, was less severe in the rats fed nixtamalized culture
material than in those fed the untreated material containing
FB, and FB, [42, 89]. The concentration of HFB, in the
diets containing the nixtamalized culture material (140 pm/
kg diet) was higher than the FB; concentration of the diets
prepared with untreated culture material (98 um/kg diet).
This finding, in conjunction with the toxicology results, is
further evidence that HFB, is a less potent toxin than FB, in
vivo. HFB; also failed to initiate cancer in rats (FB; had
weak initiating activity) using a short-term liver cancer
initiation/promotion model [90]. Howard et al. [91] fed
diets containing equivalent amounts (0, 14, 70, and 140 pm/
kg diet) of purified FB, or HFB, to female mice for four
weeks. Liver histopathological and sphingoid base effects
were found only in mice fed the mid- and high-dose FB,;
diets. HFB, had no effect on these variables.

Conversely, while the weight of evidence suggests that
hydrolyzed fumonisins are less toxic in vivo than their cor-
responding fumonisin analogues, HFB, has been shown to
have greater cytotoxicity than FB; in vitro (primary hepato-
cyte cultures) [90]. Furthermore, in vitro experiments
showed that HFB, and HFB, not only inhibit ceramide
synthase, but are also substrates that are acylated with sev-
eral fatty acyl-CoA’s by the enzyme to their corresponding
N-acyl HFB; derivatives, which were more toxic to HT29
cells in culture compared to HFB, [6]. The formation of N-
acyl HFB, has been detected in vivo (rat liver) but the poten-
tial significance of such metabolites for toxicity is still
unclear [92]. The combined effect of nixtamalization and
cooking on fumonisin levels has been investigated by sev-
eral research groups and, in each case, the concentration of
fumonisins in the product was less than in the uncooked
corn. Dombrink-Kurtzman et al. [93] showed that nixtama-
lization reduced the FB, concentration in tortillas by 81.5%
and that the FB, and HFB, were mainly found in the steep-
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ing and washing water [93]. Cortez-Rocha et al. [78]
observed a 39% reduction of FB, concentration when raw
corn was nixtamalized (1,2% Ca(OH),, 55 min, 95—
100°C). Others found that the traditional nixtamalization
method (ca. 400 g corn, 0.2 L lime solution (82 g CaO/L),
1.1 L water, 100°C, 105 min) used by the Mayan commu-
nities in Guatamala reduced total fumonisins (FB; and
HFB;) by 50% [94] and that the residual lime and washing
water also contained 50% of the fumonisins initially present
in the corn.

Differences exist between nixtamalization as practiced in
the home or other small-scale situation and as done in a
large-scale industrial setting [82]. During the commercial
production of fried tortilla chips, the corn is first nixtama-
lized by cooking/steeping in alkaline water. The nixtama-
lized corn is rinsed and ground into masa and the masa is
then sheeted, cut, baked, and fried. As a result, the concen-
tration of fumonisins in the fried chip product was consider-
ably reduced relative to that in the raw corn [95]. The
amount of reduction varied in four batches of chips, ranging
from 50 to 78% for the three batches of chips prepared from
corn containing >1 ppm fumonisin B, and 37% for the
batch prepared from corn which had low (<0.25 ppm;
fumonisin B;) content. As in the other investigations cited
above, reduction was achieved as a result of fumonisins
being diverted from the product stream by extraction into
the cooking/steeping liquid. The extracted fumonisins were
mostly (about 88% at the end of the cooking/steeping step)
hydrolyzed while, in contrast, most fumonisins remaining
in the masa (63%) were unchanged. Baking and frying the
masa had no meaningful effect on fumonisin concentrations
and no significant amounts of the fumonisin-reducing sugar
browning reaction products N-(carboxymethyl)- or N-
(deoxy-D-fructos-1-yl)-fumonisins were found. A mass bal-
ance estimate was done for one of the batches. About 80%
of the fumonisins originally present in the raw corn was
found: approximately 35% in the masa and ca. 45% in the
cooking/steeping liquid. The identity and fate of the
remaining 20% was not determined. The in vitro biological
activity (ceramide synthase inhibition) and fumonisin B,
concentration (HPLC) of the corn, masa, and baked and
fried chips were correlated [97, 98]. However, both the
bioassay and standard HPLC quantification methods for
fumonisins depends upon their extractability from the corn
or food matrix and, therefore, the bioavailability or toxicity
of any fumonisins which remained tightly bound to the
masa or tortilla chip matrices could not be predicted on the
basis of this in vitro bioassay.

Most of the data indicate that fumonisin levels are decreased
during heating, baking, frying, roasting, nixtamalizing, and
extrusion cooking of foods. The amount of reduction is, how-
ever, variable and influenced by cooking conditions, such as
temperature, time, water and sugar content, and pH. In most
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of'the aforementioned studies, the fate of the fumonisins was
not determined. Theoretically, loss of fumonisins during pro-
cessing may indicate that they are (i) extracted or otherwise
removed from products, (ii) destroyed, (iii) modified to form
novel fumonisins, (iv) bound to matrix components or (v)
otherwise rendered less extractable. Therefore, it cannot be
assumed that reduced fumonisin levels are indicative of
reduced toxicity unless the removal of fumonisins from the
food during cooking has been unequivocally demonstrated.
To understand the implications of the observed reductions in
fumonisin concentrations which occur during cooking, it is
necessary to clarify both the chemical structures and biologi-
cal activities of fumonisin degradation products or matrix-
bound fumonisins formed during thermal processing. Fumo-
nisin reaction products which have been identified are sum-
marized in Fig. 2.

3 Fumonisin reaction products and
matrix binding

The first fumonisin degradation products described in the
literature were the hydrolyzed fumonisins (HFB,, Fig. 1).
Hydrolyzed fumonisins have already been discussed in
detail above and are an excellent example illustrating how
reductions in fumonisin concentration and toxicity can be
achieved by a combination of extraction and conversion of
fumonisins to less biologically active forms. Another possi-
bility is that, during food processing, fumonisins bind to
matrix components or react with other ingredients. One
such binding product is N-(carboxymethyl)fumonisin B,
(NCM-FB,) (Fig. 1), which is a stable reaction product
formed when FB,; is heated in the presence of reducing
sugars [99]. The structure of NCM-FB, was identified by
Howard et al. [99]. It has been shown in model experiments
that, under moderate conditions, heating (60—80°C) 20 mM
(or 100 mM) glucose (or other reducing sugars) and
0.25 mM (or 1.39 mM) FB; in potassium phosphate buffer
(pH 7—-7.5) results in the formation of NCM-FB, [99, 100].
It was suggested that the reaction proceeds, as a stable
Schiff base is created, through a common Maillard reaction
(for reviews see [101, 102]) between FB; (an aliphatic pri-
mary amine) and a reducing sugar [103]. The initial reaction
product of FB, and D-glucose has been isolated and identi-
fied as N-(1-deoxy-D-fructos-1-yl) fumonisin B; (NDF-
FB,, see Fig. 1) [60, 96]. The primary amino group of FB,
(or HFB,) reacts with the carbonyl group of D-glucose to
yield a Schiff base which then undergoes Amadori rearran-
gement to NDF-FB, (Fig. 2, reaction B). Following the gen-
eral Maillard reaction scheme [101, 102], it is assumed that
NDF-FB; is further converted to NCM-FB, (Fig. 2, reaction
C) [99, 100]. Intermediates formed during the rearrange-
ment of NDF-FB, to NCM-FB, have recently been identi-
fied [100]. It was also shown that heating D-glucose with
HFB, resulted in the formation of the corresponding prod-
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uct NDF-HFB, [60]. N-(Deoxy-D-fructos-1-yl)-HFB, has
been detected in the cooking/steeping liquid used during
nixtamalization and, in this case, the evidence suggests that
it arises from the base hydrolysis of NDF-FB,. While, from
a structure-function standpoint, this reaction sequence is
intriguing toxicologically (see below), little to no NCM-
FB1 or NDF-FB; has been found in corn [95, 99] or nixta-
malization products [95]. At higher temperatures, e.g.,
under extruding conditions (see Table 2), only low concen-
trations (27—97 pg/kg) [81] of NCM-FB, were detected in a
product made from cornmeal spiked with 2 mg/kg FB,.

The toxicological data on N-substituted fumonisins is
somewhat limited but indicates that their biological activity
is reduced relative to their respective N-unsubstituted ana-
logues. Using the N-acetyl derivatives of FB, and FB,, it
was shown that blocking the amino group prevents toxicity
in primary rat hepatocyte cultures (LDH release) as well as
in vivo (induction of GGT positive foci) [90]. Purified N-
acetyl FB, is also not an inhibitor of ceramide synthase in
vitro [7]. While N-acetyl FB, does not inhibit ceramide
synthase in vitro [7], it can undergo spontaneous rearrange-
ment to O-acetyl FB; under some conditions [8] and the cer-
amide synthase inhibitory activity of the latter analogue
was indirectly demonstrated. Specifically, a mixture of N-
acetyl and O-acetyl FB, inhibited ceramide synthase of rat
liver slices in vitro but, after cleanup to remove the O-acetyl
FB; from the mixture, ceramide synthase was not inhibited
by the remaining N-acetyl FB; [8].

Modifying FB, by heating it in the presence of fructose or
glucose did reduce its hepatotoxicity and liver cancer pro-
motion activity in rats, although the chemical structures of
the reaction products were not identified [104, 105]. Inter-
estingly, biological activity was reduced even though the
FB;-fructose products are apparently absorbed to a greater
extent than FB; by the rats [106, 107]. Using the brine
shrimp assay for toxicity assessment, NCM-FB; was 100-
fold less potent than FB, [108]. Howard ef al. [91] fed a ser-
ies of fumonisin analogues to female mice for 28-days and
compared their toxicity using fumonisin-specific endpoints
for hepatotoxicity. The N-substituted analogues, including
N-acetyl FB;, NCM-FBy, and FP, (a fumonisin in which the
C2 amine of FB; is replaced by 2-hydroxypyridine [91 (see
Fig. 1), 116]) elicited no toxic response and did not inhibit
ceramide synthase at levels <140 umM/kg diet, whereas the
LOAEL (lowest observed adverse effect level) for FB, was
70 uM/kg. Together, results of these in vitro and in vivo
investigations showed that N-substitution reduces the biolo-
gical activity of fumonisins. Further evidence for the impor-
tance of fumonisins’ amino group is the finding that deami-
nated FB, (produced by sodium nitrite treatment of myco-
toxin) was, in contrast to FB,, not toxic to Hydra attenuate
[109]. N-Acyl HFB; is a possible exception as it has been
found to be more toxic than HFB,; to HT29 cells in vitro [6,
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29]. Additional studies are clearly needed to determine the
toxicological significance of N-acyl HFB, and related com-
pounds in vivo.

Besides the reactive amine group, fumonisins possess two
TCA side chains (Fig. 1) as functional groups which might
react with food matrix components. Shier af al. [110—112]
partially characterized the covalent binding of radiolabeled
fumonisin B, to corn proteins and starch. They proposed
that binding resulted from a two-step reaction in which an
anhydride is first formed by loss of a water from the TCA
side chain, followed by a reaction between this anhydride
and the free functional groups of starch (hydroxyl-groups)
and proteins (amine or thiol groups) (Fig. 2, reaction D and
E). To obtain more information about the binding of fumo-
nisins via their TCA side chains to matrix components after
thermal treatment (cooking), experiments using methyl-a-
D-glucopyranoside as a starch model and amino acid deriv-
atives (N-a-acetyl-L-lysine-methyl ester, BOC-L-cysteine-
methyl ester) as protein models were performed recently
[60]. As in starch, the anomeric carbon atom of methyl-a-D-
glucopyranoside is protected and only the molecule’s other
hydroxy groups are available to react with FB,. Likewise,
only the thiol- or the e-amino groups of the protected amino
acids — similar to proteins — are free to react with fumoni-
sins. The model compounds were heated (105-160°C, 3—
40 min) with FB, and HFB, and the products which were
formed under these conditions characterized by HPLC-ESI-
MS/MS. Whereas a 5—10% yield of conjugated products
was found following the reaction of FB, with methyl-o-D-
glucopyranoside (starch model) or the amino acid deriv-
atives (protein model), heating the model compounds in the
presence of HFB, yielded no conjugation products, a find-
ing which clearly indicated that binding of FB, to the model
matrix components occurred via the TCA side chains. In
these experiments, the highest yield (~10%) of conjugated
product was obtained by heating methyl-a-D-glucopyrano-
side with FB,. This reaction product was subsequently puri-
fied and identified by nuclear magnetic resonance (NMR)
spectroscopy as fumonisin B;-di-(methyl-a-D-glucopyrano-
side) FB,-DMG (Fig. 3). While these studies using methyl-
a-D-glucopyranoside and amino acid derivatives as model
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Figure 3. Structure of fumonisin B;-di(methyl-a-D-glucopyra-
noside) (FB:-DMG) resulting from the heating of fumonisin B,
with methyl-a-D-glucopyranoside. The molecule demonstrates
the binding of fumonisin B, via the TCA side chains to sacchar-
ides during thermal treatment [60].

compounds have demonstrated that fumonisins are able to
bind to polysaccharides and proteins via their two tricar-
ballylic acid side chains [60], the extent to which these com-
pounds occur in food products is not known.

It is expected that base hydrolysis of food products would
release any starch or protein-bound fumonisins (via their
TCA groups) as hydrolyzed analogues [60, 81, 110—112].
Kim et al. [57] applied this principle during a survey of
cornflakes and found that secondary base hydrolysis of the
extracted (initially extracted for fumonisin analysis) corn-
flakes liberated an additional, significant amount of fumo-
nisins (2.6 times the originally measured amount) from the
matrix, which they designated “hidden fumonisins”.
Because the cornflakes used in these surveys were pur-
chased off the shelf, it is not known if the “hidden fumoni-
sins” were formed by binding of fumonisins to the matrix
during cooking/processing or were present in the raw corn
prior to processing. While the exact nature of the bonds
forming between fumonisins (via the TCA groups) and
starches, proteins or other food matrix components remains
to be elucidated, the presence of matrix-bound fumonisins
is a potential food safety concern because of the possibility
that free fumonisins, or their hydrolyzed analogues, could
be released in the gastrointestinal tract [60, 110, 111]. If
this is the case, then analysis of foods using standard proto-
cols involving extraction/column cleanup/derivatization
with a fluorophore/HPLC (or HPLC-MS) quantification
might underestimate fumonisin content (and exposure to
consumers) of some food products.

4 Conclusions

Since their discovery, a number of experiments on how
milling, cooking, and other processing steps affect fumoni-
sins in corn and corn-based products have been reported.
Processing clearly affects fumonisins and the fumonisin
concentration in a given feed or food product will be the net
result of the affects of all the steps used in its preparation
including: (i) physical removal of fumonisin-contaminated
kernels (cleaning the corn to remove broken and moldy ker-
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nels); (ii) differential distribution of fumonisins to milling
fractions leading to increased concentrations in some and
decreased concentrations in other products; and (iii) disso-
lution of fumonisins in aqueous cooking or steeping media
which, if the liquid is discarded, reduces the fumonisins
content of the product. It is now recognized that thermal
processing (baking, frying, roasting, extruding) at tempera-
tures above 150—-200°C reduces the fumonisin concentra-
tions that are measured in the cooked products. The chemi-
cal/physical basis of the decreases are poorly understood
but probably reflect: (iv) chemical conversion of fumoni-
sins to other compounds (for example, the hydrolyzed
fumonisins formed during alkaline cooking); and (v) bind-
ing of fumonisins to sugars, proteins or other compounds
present in the corn and other recipe ingredients. The degree
to which fumonisin concentrations are reduced during
cooking depends on temperature, cooking/processing time,
pH, moisture content, and the recipe, especially the type
and amount of sugar present.

It is important to emphasize that the measured fumonisin
concentrations in cooked products might underestimate the
products’ potential toxicity due to the formation of
unknown biologically active fumonisin degradation prod-
ucts or, as suggested by some recent findings concerning
“hidden” fumonisins, reversible binding of the mycotoxin to
sugar or proteins in the food matrix. Conversely, fumonisin
degradation products might be less active or inactive, or
fumonisins might bind to sugars or other compounds in a
manner rendering them biologically inactive. While there is
experimental evidence suggesting that most of these chemi-
cal reactions can occur during thermal processing, the issue
of how these reactions affect fumonisin toxicity has only
been superficially addressed. Additional investigations
using an integrated approach combining chemical studies
and appropriate bioassay methods are needed to identify
and chemically characterize fumonisin reaction products: to
determine the chemical fate of fumonisins under various
cooking/processing conditions using a mass balance
approach to account for all fumonisins in the starting mate-
rials, to identify those conditions that maximize fumonisin
reductions and, to compare the biological activities of
cooked products and their uncooked starting materials prod-
ucts using fumonisin-specific in vitro and in vivo bioassays.
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